Experiments, theory, and simulations are reported on the effects of electron prebunching in a mildly relativistic, low current (200 kV, IA) free-electron laser amplifier operating in the collective (Raman) regime at a frequency of ~ 10 GHz. Prebunching is established by injecting an electromagnetic wave into a bifilar helical wiggler and then transporting the bunched beam into a second magnetic wiggler region.
INTRODUCTION
Experimental and theoretical studies [1] of prebunching in free electron lasers (FELs) are normally carried out in the low gain, single particle (Compton) regime applicable to very short radiation wavelengths (visible and ultraviolet) where electron beam energies in excess of several hundred MeV are used.
In contrast, our experiments [2] are made at microwave frequencies using mildly relativistic electrons (-200 keV). In this collective (Raman) regime, the gains are high and the effects of space charge cannot be neglected. We find that prebunching increases the growth rate of the radiation dramatically as compared with the case where prebunching has not been incorporated. In this paper the experiments are compared with computer simulations and good agreement is obtained. In addition, a simple analytic theory is given. The gun focusing coils guide the electron beam into a rectangular (0.40" x 0.90") stainless steel evacuated drift tube which is also the waveguide for the electromagnetic radiation. The beam is contained by a uniform axial magnetic field B 11 that has a power supply limited maximum of 7 kG.
EXPERIMENTAL ARRANGEMENT
The 65 period circularly polarized magnetic wiggler has a period 1' = 3.5 cm, a maximum amplitude B, = 1.0 kG, and is generated by bifilar conductors. Since the beam aperture limits the size of the beam to rb/l::: 0.07, the wiggler field is close to that of an ideal wiggler. At the wiggler entrance a slowly increasing field amplitude is produced by resistively loading the first six periods of the wiggler magnet.
The 2.7 m long drift tube acts as a rectangular waveguide whose fundamental TE 1 0 mode has a cutoff frequency of wc/27r = 6.6 GHz. Microwaves are launched onto the electron beam by a waveguide coupler (see Fig. 1 ).
4
All our measurements are carried out at frequencies between 9 and 11 GHz.
At these frequencies the empty waveguide can support only the fundamental (TE 10 ) mode, all higher modes being evanescent.
Monochromatic radiation as high as 20 kW is injected into the interaction region via the directional coupler. At low power levels (:5 10 W) we use a CW traveling wave tube as the input source. At higher power levels we use a pulsed (~ 1[ts) magnetron driver. Because of the low conductivity of the stainless steel waveguide, there is an RF power loss of -0.9 dB/m, or a 3 dB loss over the entire system length.
MEASUREMENTS
The interaction space is divided into two roughly equal lengths by means of a tungsten mesh stretched across the waveguide (see Fig. 1 ) and placed at an axial distance z = z* ~ 115 cm from the wiggler entrance. The mesh is almost totally transparent (-94 percent) to the electron beam generated to the left of the mesh, but highly reflecting to the electromagnetic radiation incident upon it. Thus, the left-hand side can be viewed as the prebunching At the output end of the wiggler, a mica window transmits the linearly polarized radiation generated in the drift tube, where it is measured by means of standard calibrated crystal detectors. In order to determine the growth rate of the wave, the output intensity must be measured as a function of the length of the interaction region. This is accomplished by means of an axially movable horseshoe "kicker" magnet that deflects the electron beam into the waveguide wall at any desired position z, thereby terminating the interaction at that point. The position z can be chosen to be to the left or to the right of the tungsten mesh (situated at z = z* ~ 115 cm). 
THEORY AND SIMULATIONS
A simulation code which will be described in an upcoming paper [4] The dramatic increase in the radiation growth rate ' is a direct result of prebunching. But in order to understand the phenomenon quantitively, a simple analytic theory is derived. This theory will then be shown to give results that are in excellent agreement with simulations.
Before the equations of motion are stated, it is convenient to introduce the dimensionless field variable The general equations of motion [4] hold in both sections to the left and to the right of the mesh. For simplicity and clarity these equations are written in complex forms in terms of the relativistic energy factor -yj and the normalized axial OIi and transverse Owj velocities of the jth particle as,
wo is the nonrelativistic plasma frequency,
with I as the beam current, r, the beam radius and IA = 17kA the Alfen current; the space charge reduction factor fc -0.5 [4] for the parameters of our experiments.
First we consider the section to the left of the mesh (z < z*) where normal FEL interactions with no prebunching take place. For simplicity a cold beam is assumed. The linearization proceeds by defining
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Ak is the detuning parameter; cgol is the initial axial velocity; yo is the initial energy and Ojo is the initial phase of the jth electron. It follows that, at z = 0, &yj = 60j = 0.
With the injected beam unbunched, the zero'th average vanishes, 
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Exponential forms for the perturbations are then assumed.
Substituting the perturbations in Eqs. 
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For peak gain in the Raman regime, Ak >> a,; therefore the a' term in the dispersion relation can be ignored.
We now turn our attention to the section to the right of the mesh (z > z*), the section that starts with a prebunched beam. The co-ordinate system is redefined as z' = z -z*, z* being the location of the mesh. As before the linearization proceeds by defining
where 0,' = 3Oj + Akz*. Ak,-yo, and Ojo are defined to be the same quantities 
Since 0.7 does not contain any information about prebunching, the zero'th average again vanishes,
(e-e-i[(8o+Akz*)+Ak(z-z)]) = (e-i(o+AkZ))

(25)
As a result, the linearized equations of motion are the same as those in Eqs. The tungsten mesh attenuates the field by a factor of A and leaves 'y, and 9, unchanged. In the experiments A = 10. By equaling the field and particle variables just to the left and to the right of the mesh, one finds , For an free-electron laser operating at peak gain in the Raman regime, s runs from 1 to 2, corresponding to the two complex conjugate waves. Eqs.
(26)-(28) reduce to J=1 as s=1 as with a, = iQ and a 2 = -iQ where Q is real and positive.
In the section to the left of the mesh (z < z*), the field can be written as a =ao cosh Qz,
or in another form, 
or in another form,
As illustrated in Eq. (32), the field starts out with equal amplitudes in both the growing and decaying modes in the prebunching section. After the radiation passes through the mesh, the relative amplitudes between the two modes shift as illustrated in Eq. (34) while the growth rates.in respective modes remain unchanged. It can easily be proved that the overall field amplitude growth rate
a' dz a dz as long as A > 1. This increase in the overall field growth rate is therefore accounted for not by the increase in the growth rates in individual modes but by the shifting of the relative amplitudes between them. On the other hand it can also be shown that a' < a. In fact
In conclusion even the dramatic increase in the overall radiation growth rate cannot compensate for the mesh attenuation, and there is always an reduction in overall gain G when this prebunching scheme is employed. Fig.   8 shows the excellent match between analytic results and simulations.
The case for an free-electron laser operating at peak gain in the collective Raman regime is considered above, but the theory can also be applied to parameter regions besides peak gain and to the single particle Compton regime. Phase shift caused by the mesh or introduced externally can also be taken into account by letting A be complex,
where _A0 is the phase shift.
DISCUSSION
We have reported on the effects of prebunching in a Raman free-electron laser amplifier, and observed large enhancements in the single pass growth rates F. Most of the observations were made using RF drivers that operate either CW or with microsecond long pulses. To verify that the measurements of F indeed represent single pass gain and are not marred by reflections (due to the presence of the mesh, for example) we also carried out a series of measurements in which the pulse length (-5 ns) of the RF input was shorter than the round-trip pass through the system.
To the left of the mesh (z < z*), the system behaves as one would expect from a conventional FEL operating in the Raman regime. Thus, when the wiggler field strength B. is increased from 66 to 188 G (Fig. 2) , the growth rate F(z < z*) increased from 2.4 to -6.9 dB/m, which shows that P(z < z) o, B,, in agreement with expectations. Also F(z < z*) is found to be independent of the input power P, (Fig. 4) for sufficiently low input powers, such that nonlinear pheonomena are unimportant. This is in agreement with conventional FEL theory.
To the right of the mesh (z > z*) the situation is different. When B, is increased from 66 to 188 G (a factor of 2.9), F(z > z*) increases from 6.3 to 32 dB/m (a factor of 5.1). However, it is noteworthy that the overall gain G of the system is less than what it would have been in the absence of the mesh (i. e. prebunching). Thus, our experimental configuration is useful primarily not to increase gain, but to suppress parasitic oscillations as is common practice in traveling wave tube (TWT) amplifiers [3] .
The experimental observations reported in this paper are fully substantiated by computer simulations and analytic studies. Although we have treated only the cold electron beam case analytically, it can be extended to warm beams and the single particle (Compton) regime. Fig. 1 . Schematic of the experimental setup. 
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